Non-LTR retrotransposons insert into eukaryotic genomes by target-primed reverse transcription (TPRT), a process in which cleaved DNA targets are used to prime reverse transcription of the element's RNA transcript. Many of the steps in the integration pathway of these elements can be characterized in vitro for the R2 element because of the rigid sequence specificity of R2 for both its DNA target and its RNA template. R2 retrotransposition involves identical subunits of the R2 protein bound to different DNA sequences upstream and downstream of the insertion site. The key determinant regulating which DNA-binding conformation the protein adopts was found to be a 320-nt RNA sequence from near the 5 end of the R2 element. In the absence of this 5 RNA the R2 protein binds DNA sequences upstream of the insertion site, cleaves the first DNA strand, and conducts TPRT when RNA containing the 3 untranslated region of the R2 transcript is present. In the presence of the 320-nt 5 RNA, the R2 protein binds DNA sequences downstream of the insertion site. Cleavage of the second DNA strand by the downstream subunit does not appear to occur until after the 5 RNA is removed from this subunit. We postulate that the removal of the 5 RNA normally occurs during reverse transcription, and thus provides a critical temporal link to first-and second-strand DNA cleavage in the R2 retrotransposition reaction.
endonuclease ͉ retrotransposition ͉ reverse transcription ͉ RNA-protein interactions N on-LTR retrotransposons, also referred to as long interspersed nuclear elements (LINEs), are abundant insertions in many eukaryotic genomes. For example, there are Ͼ800,000 copies of these elements in the human genome, representing 17% of our DNA (1) . Whereas retrotransposition assays in tissue culture cells have been developed to study non-LTR retrotransposition, many questions concerning the mechanism of their integration remain unanswered (2) (3) (4) (5) .
R2 is a non-LTR retrotransposable element with rigid sequence specificity for a target site in the 28S rRNA genes of arthropods, platyhelminths, tunicates, and vertebrates (6, 7) . The sequence specificity of R2 integration has enabled detailed biochemical studies of its retrotransposition reaction (Fig. 1A) . We have previously shown that one R2 protein subunit of a probable dimer binds a 30-bp DNA segment upstream of the insertion site and cleaves the first strand (bottom strand, Fig. 1 A) of the target DNA (8, 9) . If RNA corresponding to the 3Ј UTR of the R2 element is present, then this subunit primes reverse transcription of the R2 RNA transcript from the free 3Ј end released by the cleavage. This process is referred to as targetprimed reverse transcription (TPRT) (10) . After reverse transcription, the second (top) DNA strand is cleaved by the second protein subunit, which binds a different DNA sequence downstream of the insertion site (9) . We have postulated that this second R2 subunit is responsible for the synthesis of the second DNA strand and thereby completes the retrotransposition reaction (9) .
One uncharacterized aspect of the R2 retrotransposition reaction has been the mechanism by which the R2 protein could adopt alternative conformations, allowing it to bind different DNA sequences upstream and downstream of the insertion site. In this report we show that the R2 protein is able to specifically bind a segment of the R2 RNA located near the 5Ј end of the transcript. Association with this RNA results in an R2 protein conformation that binds to the downstream DNA sequences. Thus it is the presence or absence of bound 5Ј RNA that determines what role an R2 subunit plays in the integration reaction.
Results
Our standard procedure for the purification of R2 protein from an Escherichia coli expression construct results in one predominant band on SDS͞PAGE gels when visualized by protein staining (10) . Recently, however, we have noted that two bands are detected when these gels are silver stained (Fig. 1C, lane 1) . Only the upper band was sensitive to proteinase K (lane 3), whereas the lower band was found to be sensitive to RNase A (lane 2). The protection of this precise-length RNA from endogenous E. coli RNases and its copurification with the R2 protein through two affinity columns suggested a tight, highly specific association. The copurified RNA did not correspond to sequences from the 3Ј UTR of the R2 RNA because these sequences are not present in the expression construct. The copurifying RNA was reverse transcribed by using the templatejumping activity of the R2 reverse transcriptase (11), cloned, and sequenced. The RNA was identified as a 320-nt fragment from the R2 element beginning near the start of the ORF and ending just before the highly conserved zinc-finger motif encoded by all R2 elements (12) (Fig. 1 A) . This region of the R2 element shows little sequence conservation among species at either the protein or the nucleic acid level (13, 14) . The copurifying RNA will hereafter be referred to as 5Ј RNA to differentiate it from the 3Ј UTR RNA (3Ј RNA), which can also be bound by the R2 protein (Fig. 1B) .
Because all previous TPRT assays with the R2 protein contained the copurifying 5Ј RNA, experiments were first undertaken to determine the effects of 5Ј RNA removal on the DNA cleavage and reverse transcription reactions catalyzed by the R2 protein. To that end, the level of 5Ј RNA was reduced by treating the isolated protein with RNase A. After RNase A treatment, excess 3Ј RNA and RNaseOut inhibitor were added in standard DNA cleavage͞TPRT assays. As shown in Fig. 2 A and B, the reduction in the level of 5Ј RNA did not affect the ability of the R2 protein to cleave the first DNA strand or conduct the TPRT reaction. However, the ability of the R2 protein to cleave the second DNA strand was greatly reduced when the 5Ј RNA had been removed (Fig. 2C) , suggesting that the R2 protein was no longer able to bind the DNA target downstream of the insertion site or was allosterically inhibited from second-strand cleavage.
To better understand the protein-DNA complexes formed in the presence of 5Ј and 3Ј RNAs, electrophoretic mobility shift assays (EMSAs) were performed with RNase A-treated protein in the presence of excess 3Ј RNA and͞or 5Ј RNA (Fig. 3) . It should be noted that in the absence of RNA, most protein-DNA complexes are retained within the well of the gel (8) . An endonuclease-mutant R2 protein (15) was used in these assays to observe the complexes formed before DNA cleavage. In the presence of excess 3Ј RNA (Left), there is a single shifted band, which corresponds to the previously characterized protein monomer binding upstream of the insertion site (9) . The single band contrasts with earlier studies conducted with R2 protein containing the copurifying 5Ј RNA, in which a second upper band was also detected (8, 9) .
In the presence of excess 5Ј RNA (Fig. 3 Center), there is again a single shifted band, which migrates somewhat slower than the complex observed with 3Ј RNA (the 5Ј RNA is 70 nt longer than the 3Ј RNA). In the presence of both 5Ј and 3Ј RNA (Right), the 5Ј RNA band is present as well as a second slower-migrating band. This second band was seen at lower levels in our earlier studies with 3Ј RNA additions and was characterized as a dimer containing R2 protein subunits bound both upstream and downstream of the insertion site (8, 9) . In these previous reports, we showed the upstream subunit bound the 3Ј RNA, erroneously suggesting that this was the only RNA present in the dimer complex. The gel shifts in Fig. 3 suggest that the downstream subunit binds 5Ј RNA.
To directly demonstrate that the 5Ј RNA is able to promote the binding of the R2 protein subunit downstream of the insertion site, DNase I footprint analyses were conducted to compare complexes formed with either 3Ј RNA or 5Ј RNA ( (12) . The C-terminal domain (black box) encodes an endonuclease and has been proposed to bind the upstream DNA sequences. The central domain of the ORF encodes the reverse transcriptase (RT). The 5Ј and 3Ј RNA segments of R2 used in this study are indicated by wavy lines with numbers corresponding to the 5Ј end of a full-length R2 element. (C) A specific RNA copurifies with the R2 protein. Purified R2 protein was analyzed by SDS͞PAGE followed by silver staining. Lane 1 shows R2 protein after purification by our standard procedure. Lane 2 shows purified R2 protein treated with 100 ng͞ml RNase A for 10 min at 37°C before loading. Lane 3 shows purified R2 protein treated with 100 g͞ml proteinase K for 10 min at 37°C before loading.
Fig. 2.
Removal of the copurifying 5Ј RNA from the R2 protein does not affect first-strand DNA cleavage (A) and TPRT activity (B) but does eliminate second-strand DNA cleavage (C). In each reaction the purified R2 protein was pretreated with RNase A (black diamond) or left untreated (gray squares). All reactions contained 10 fmol of the R2 protein and 120 fmol of the 3Ј RNA, and the DNA substrate ranged from 3 to 200 fmol. At each DNA concentration, the activity of the RNase A-treated R2 protein is plotted relative to the activity conducted by the untreated R2 protein set at 1.0. 4A). Summary diagrams of the footprints are given in Fig. 4B . As reported previously (8) , DNA protection by 3Ј RNA-protein complexes footprint upstream of the insertion site between Ϫ38 and Ϫ11 on the top strand and from Ϫ42 to Ϫ8 on the bottom strand. DNA protection by the 5Ј RNA-protein complexes footprint to an area downstream of the insertion site between Ϫ2 and ϩ18 on the top strand and from Ϫ6 to ϩ18 on the bottom strand. Although the isolated N-terminal domain of the R2 protein has been shown to bind to these downstream sequences (12) , this is the first time we have observed the full-length R2 protein to bind exclusively downstream of the insertion site (i.e., in the absence of subunits bound upstream of the insertion site). The larger complex observed in the presence of both RNAs (Fig.  3 Right) protects regions of DNA that are a summation of the 3Ј RNA and 5Ј RNA-protein complexes (Fig. 4B ).
Having demonstrated above the effects of reducing the level of copurified 5Ј RNA, we next wanted to address the effects of increasing levels of 5Ј RNA on the DNA cleavage activities of the R2 protein. As shown in Fig. 5A , increasing 5Ј RNA severely inhibits first-strand cleavage. This finding is in contrast to previous observations with 3Ј RNA or nonspecific RNAs, in which increased RNA concentrations either have no effect or give rise to a slight increase in first-strand cleavage (8, 9, 16) . The inverse relationship between first-strand cleavage and level of 5Ј RNA confirms that as the 5Ј RNA concentration is increased, a larger percentage of the R2 protein is driven to bind to the DNA target downstream of the insertion site and, thus, is in the wrong position to cleave the first strand.
The effects of increasing 5Ј RNA concentration on secondstrand cleavage are shown in Fig. 5B . Increasing concentrations of 5Ј RNA stimulated second-strand cleavage up to a point, but higher RNA concentrations only reduced the level of cleavage. The requirement of 5Ј RNA for second-strand cleavage is consistent with the ability of this RNA to promote protein binding downstream of the target site; however, it is less apparent why higher 5Ј RNA͞protein ratios inhibit second-strand cleavage. One model that potentially explains this finding is that first-strand cleavage is required before second-strand cleavage. In this model, at low 5Ј RNA concentrations many protein subunits are not associated with the RNA and thus bind upstream of the target site and cleave the first strand (Fig. 5A) . Protein subunits that are associated with the 5Ј RNA bind downstream of the same target sites and cleave the second strand. High concentrations of 5Ј RNA, on the other hand, drive the binding of all subunits to the downstream site, circumventing first-strand cleavage (Fig. 5A ). Although this model seems unlikely because of the 8-fold excess of DNA substrate to protein in these assays, we directly tested the ability of downstream subunits to cleave the second strand of DNA substrates precleaved on the first strand. In this assay, both the precleaved DNA substrate (2-to 12-fold) and the 5Ј RNA (100-fold) were in excess, driving most R2 subunits to bind downstream of the insertion site. As shown in Fig. 6A , second-strand cleavage did not occur on DNA substrates precleaved on the first strand, which suggests that the inhibition of second-strand cleavage by excess 5Ј RNA is not a result of a requirement for first-strand DNA cleavage.
Two other models could explain the inability of the downstream subunit to cleave the second DNA strand in the presence of excess 5Ј RNA. Either DNA cleavage by the downstream subunit could require protein-protein interactions with the upstream subunit, or the catalytic site of the downstream subunit is not available (masked) until after the 5Ј RNA dissociates. To try to resolve these models, R2 protein was first bound to excess target DNA in the presence of a high concentration of 5Ј RNA. Samples were then divided into two aliquots: one aliquot was digested with RNase A, and the second was left untreated. As shown in Fig. 6B , the level of second-strand cleavage was increased Ϸ2-fold by the addition of RNase A, which is consistent with the model that removal of the 5Ј RNA from a bound downstream subunit can stimulate its ability to cleave the second strand. Unfortunately, reduction of the 5Ј RNA by the RNase also destabilizes downstream binding by the R2 subunits, and the released protein is free to bind the upstream sites of DNA substrates in which the downstream subunit is still bound (i.e., form dimers). Because these assays were conducted in DNA substrate excess, it seems unlikely that this mechanism could account for the high level of cleavage observed (35% of the DNA bound by the R2 protein underwent cleavage). However, we cannot exclude a role for protein-protein interactions of the upstream and downstream subunits in the ability of the complex to cleave the second DNA strand.
Discussion
The experiments presented in this report indicate that an RNA segment near the 5Ј end of a full-length R2 transcript regulates the role of the R2 protein in a retrotransposition reaction. In the R2 element of Bombyx mori, the system used in this study, the 5Ј RNA appears to encode the beginning of the ORF (Fig. 1) . However, the nucleotide sequence of this RNA is not well conserved among different R2 elements, and the location of the first methionine codon within the single R2 ORF is variable (13, 14) ; thus it is unclear what fraction of this RNA may actually encode protein in this and other species. The absence of conserved nucleotide sequences was also found for the 3Ј RNA recognized by the R2 protein (17) . Despite extensive primary sequence changes, the R2 protein from B. mori is able to use the 3Ј RNA from R2 elements of distant insect species in a TPRT reaction, which is consistent with the evidence from many systems that it is an RNA's tertiary structure, not primary sequence, that is recognized by proteins (17). Reactions were incubated for 30 min at 37°C, and the products were separated by denaturing 6% PAGE to determine the relative levels of DNA cleavage. All values are plotted relative to the assay condition with the highest level of activity (set at 1.0). (A) Second-strand cleavage on DNA templates that have been precleaved on the bottom strand. The precleaved substrates were made by incubation of the DNA substrate with excess R2 protein in the presence of RNase A, followed by extraction with phenol and precipitation with ethanol. Each reaction contained an excess of DNA substrate (20 fmol), and 5Ј RNA (1.2 pmol) and R2 protein ranging from 1.2 to 12 fmol. Open squares indicate the fraction of the DNA bound by protein as determined on an EMSA gel, and filled squares indicate the fraction of bound DNA cleaved on the second strand as determined by 6% PAGE. (B) Effects of adding RNase A to preformed protein-5Ј RNA complexes bound to DNA. The R2 protein (12 fmol) was incubated with a 5Ј end-labeled top strand DNA target (33 fmol) in the presence of 1.2 pmol of 5Ј RNA for 10 min at 37°C. The mixture was divided into two aliquots, with one aliquot (RNase-treated) incubated with 1 ng of RNase A for 30 min at 37°C and the other aliquot (control) mock treated. One half of each reaction was then separated on denaturing 6% polyacrylamide gels to determine the relative levels of DNA cleavage, and the second half was separated on an EMSA to determine the level of DNA binding.
The discovery of the association of R2 protein subunits with the 5Ј RNA adds an important component to our working model of the R2 integration reaction (Fig. 7) . In addition to its ability to bind RNA, the R2 protein contains two DNA-binding domains: an N-terminal domain containing myb and zinc-finger protein motifs that bind the DNA sequences located downstream of the insertion site, and a C-terminal domain containing unknown protein motifs that bind the DNA sequences upstream of the insertion site (Fig. 7A) . In the absence of RNA, the R2 protein appears to adopt a conformation that exposes both N-terminal and C-terminal DNA-binding domains. Evidence that the two binding domains are able to bind separate DNA molecules can be found in the large network of protein-DNA complexes observed on EMSA gels in the absence of RNA (8) . Although in the absence of RNA the R2 protein is able to cleave the first (bottom) DNA strand, the R2 protein binds more efficiently to the upstream DNA in the presence of 3Ј RNA, perhaps by a change in protein conformation that sequesters the N-terminal DNA-binding domain. This upstream subunit is capable by itself of conducting the TPRT reaction (steps 1 and 2 in Fig. 7B) (9) .
Although we have previously shown that the downstream subunit is responsible for second-strand cleavage (step 3 of the integration) (9) , the experiments in this report indicate that it is the association of R2 protein with the 5Ј RNA that promotes this binding, presumably by sequestering the DNA-binding motifs of the C-terminal domain. In the presence of excess 5Ј RNA, downstream subunit binding can occur in the absence of upstream binding (Fig. 4) , but cleavage of the second DNA strand does not occur (Fig. 5) . Failure of these downstream complexes to cleave the second DNA strand suggests that cleavage requires an interaction with the upstream subunit and͞or that the downstream subunit must first discharge the RNA. The stimulation of second-strand cleavage by the treatment of prebound downstream subunits with RNase A supports the latter possibility (Fig. 6B) .
The model that loss of 5Ј RNA by the downstream subunit allows second-strand cleavage is also more consistent with our previous data on the timing of the various steps of the retrotransposition reaction. In vitro, second-strand cleavage occurs slowly and inefficiently only after reverse transcription (10) . The kinetics of this reaction can be explained if second-strand cleavage follows the slow dissociation of the copurified 5Ј RNA from the downstream subunit. Within a cell, on the other hand, loss of 5Ј RNA from the downstream subunit is likely the result of the reverse transcription of an RNA transcript with 5Ј and 3Ј RNA as part of the same molecule (step 3). Thus, the requirement to remove the 5Ј RNA to enable second-strand cleavage provides temporal control for a complete integration reaction. Finally, second-strand synthesis (step 4) is the only step of the integration reaction that has not been observed in vitro. However, the R2 polymerase can efficiently use DNA templates and has the ability to displace RNA strands that are annealed to these DNA templates (A. Kurzynska-Kokorniak, A. Bibillo, and T.H.E., unpublished work). Armed with our understanding of the role of the 5Ј RNA in the reaction, we hope to be able to reproduce a complete integration reaction in vitro.
Discovery of the role played by 5Ј RNA in R2 retrotransposition may also explain the observation made in different species that the 5Ј junctions of full-length R2 elements are more precise than the junctions of 5Ј truncated elements (refs. 13 and 18, and D. Stage and T.H.E., unpublished work). These 5Ј truncations are postulated to be a result of cellular degradation of the RNA transcript or the reverse transcriptase failing to reach the 5Ј end of the transcript. Such truncations may have more variable 5Ј junctions, because in the former case an R2 subunit may not bind to the downstream site, and in the latter case, the downstream subunit cannot cleave the second strand, leaving cellular DNA repair proteins to complete or eliminate the integration. Finally, unlike many non-LTR retrotransposons, R2 elements do not encode another ORF (ORF1) upstream of the major ORF. ORF1 proteins are known to bind RNA (19-21), possibly Step 1: the endonuclease (red oval) from the upstream subunit is responsible for first-strand cleavage.
Step 2: the RT (green oval) of the upstream subunit catalyzes first-strand TPRT.
Step 3: the downstream subunit cleaves the second DNA strand. Second-strand cleavage does not occur until reverse transcription strips away the 5Ј RNA region bound to this subunit.
Step 4: the downstream subunit provides the polymerase to perform second-strand TPRT.
Step 4 has not yet been shown to occur in vitro.
